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PREFACE

This report presents the results of a program to review the
technical factors which govern the design and performance of at-grade urban
rail track structures. The report has been prepared by Battelle-Columbus
Laboratories (BCL) under Contract DOT-TSC-563 for the Transportation Systems
Center (TSC), Systems Manager for the Urban Mass Transportation Administra-
tion's Rail Supporting Technology Program. The program was conducted under
the technical direction of Dr. Leonard Kurzweil, Code TMP, at the Trans-
portation Systems Center.

The report is presented in two volumes. Volume I gives results
related to the design and performance of tie-ballast track construction and
Volume II is an evaluation of the technical requirements for designing track
constructed from concrete slab.

The cooperation and assistance provided by Dr. Leonard Kurzweil
and Dr. Herbert Weinstock of TSC and Mr. Ronald Melvin of BCL is gratefully
acknowledged. Dr. Kamran Majizadeh, Professor of Civil Engineering at The
Ohio State University, deserves recognition for his contribution as a con;
sultant on soil mechanics,

This report is necessarily quite dependent on previous work which
has beenlreported in the literature, and the authors are grateful to the
several authors and publishers who granted permission for the use of copy-

righted material.
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1,0 INTRODUCTION

The development of urban rall systems is an 1mportant factor in

meeting the transportatlon requlrements of large cities in the coming years.

In addltlon, the rapidly changing economic and technologlcal env1ronment makes

it necessary to continually reevaluate the criteria used to design all componenfs
of the transportation system.

The objective of this program was to evaluate the technical factors
which govern the design and performance of urban rail track structures. This
report includes information that is useful for the engineering design of track
as well as recommendations to be used for the development of both short and
long-range program plans for future track research. '

These results will be used to develop standard techniques and
criteria for track design as a part of the Urban Mass Transportation Admin-
istration's Rail Supporting Technology Program that is being managed by TSC.

The results of this program are presented in two volumes. This re-
port, Volume I, gives the results pertaining to the design and performance
of at—grede tie-ballast track construction. Volume II gives an evaluation of
the technical requirements for designing at-grade track constructed from concrete
slab.

The major conclusions and recoﬁmendations resulting from the work
reported in Volume I are summarized in Section 2. Detailed results are pre-
sented in Sections 3 and 4.

Section 3 of this report is a critical review of current design
practice for at-grade track structures, including the design loads and the cri=-
teria for selecting rail size, tie size and spacing, ballast depth, and subgrade
parameters. The discussion of the design criteria includes a critical evaluation
of the'governing assumptions and recommendations for improving the design proce-
dures where they appear deficient. The review of current design practice is based
on the results of a relatively extensive review of available literature and dis-
cussions with persons experienced in track design,

Section 4 of this report discusses the major track problems which were
identified from the literature review and during meetings with track design and
maintenance personnel from several urban rail operating properties. Detailed

technical evaluations have been made of several of the high priority track



problems to determine those areas where the design procedures are inadequate
‘and to determine what additional research is needed to improve track performance.
In an.effort to make this report easier to use, information about

vefy specific topics of interest for track structures can be located by referring.
to the Volume I Index.



2, O SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS FOR
‘ FUTURE RESEARCH

The current'pféétice for desigﬁiﬁg at-gfadé‘tréék”is‘baééd on satis-
fying several criteria for'the‘strengfhwof individuafiifabﬁ'coﬁpohéﬁts; These
criteria include rail stresses, tie bending étrESs, pressure on the ballast, and
pressure on the subgrade. Thé.kéy facto}‘iﬁ eVaIuating these criteria is the
beam on elastic foundation analysis model, whereby a continuous elastic sﬁpport
for the rail is used to represent the discrete tie supports for actual track.

a Thls simplified analytlcal model-yields accurate results for the de-
flections and bending moments in the rail for existing track whée¥e measured data
can be obtained on the effective track modulus. The principal deficiency of this
design pr6ceduré, however, is that there is not sufficient information available,
efthef”aﬁaiytical or experimental to accurately evaluate the céntfibﬁﬁion of
individual track componments to the overall track performance. Furthermore, the
design criteria for the individual track components are not based on indices
which'fepréSent the important’ track performance criteria such as- safety, ride
’quaiity,'ﬁéintenaﬁce, and the noise and vibration transmitted to thé community.

A prime éiéﬁple of this deficiency is that while the deterioration of track
geometry (vertical profile, 1aféral alignmeﬂt, croésiével,‘gauge) ié‘a'governing
factor for,éil’aspects of track performance,’theié is nb'Wéy‘to quantitatively
evaluate the effect of changing track &esign parameters such as ballast depth,
“tie size, or tie spacing on' the deterioration of track geometry in service.

The development of a track design procedure that is directly related
to the significant track performance criteria is récommended as a higﬁ-prio}ity,
long-term objective that will require considerable research in all aspects of
‘tréck‘péffdrmance.' Many of the specificAtbpiCS for research that are needed to
reach this objective are described briefly in thié‘sectibn, and they are discussed
in greater detail in the indicated sections of the report. Additional information

on specific topics can be located by using the Index.

Statistical Description of Track Forces. The actual forces in track

structures from the train wheels and from the environment are quite complex. A
more detailed, statistical description of 'track loading is needed to evaluate the
reliability of track components and provide a basis for developing improved track

performance criteria. Specific areas where a statistical load description is



needed include the development of design criteria and evaluation tests for im-
proved rail fasteners for concrete ties and for direct fixation to concrete

invert and slab track structures; the development of fatigue criteria for the
design and evaluation of concrete ties; the development of realistic models for
the differential settlement of track; and the development of improved deslgﬁ
criteria for bolted rail joints. Additional information is given in Sections 3.1,

3.2, 4.3, and 4.5.

Characterlstlcs of Ballast and Subgrade.» The effect of ballast and

subgrade characterlstlcs on tie loads, rail deflectlon and stresses, ‘and sub-
grade pressures is not known with sufficient accuracy to evaluate changes in
track design. Measured'data on the performance*of ballast and subgrade in track
are needed to develop 1mproved analyt1ca1 models of the track roadbed See

Sections 3.0, 3,2, and 4 8 for more deta11

. Rail Wear Prediction, ~Existing methods for predicting rail wear are

based on empirical results for-existlng track, and'they do not include sufficient
information for evaluatlng the effect of. vehlcle or track design. changes on wear
~rate. Improved analytlcal models which account for such’ parameters as contact
stresses, curve'geometry,vrall material, vehicle design, operating speed, environ-
mental conditions, etc., are needed for predicting rail wear on curves as a first
step for making a significaﬁt reduction in wear rates. Detailed wear and traffic
data for particular track locations are needed to correlate w1th analytlcal models.

Sections 3.2. 2 and 4.4 give additional data.

Rail Fastener lLoads. Rail fasteners are a key component for improved

track designs, and a better definition of service loads ig needed as a basis for
fastener,design and for developing realistic accelerated life tests. See

Sections 3.2.3 and 4.5.

Concrete Ties. Several types of concrete ties are now performing

satisfactorily in transit track, and the recent increased cost and rediced
availabllity of wood ties makes the concrete tie a more attractive alternmative.
However, addltlonal 1nformat10n is needed to determlne 1f concrete ties really

have significant advantages in durability and performance. Also, concrete ties



should be designed specifically for rapid transit use where the support of guard
’ i
rails, restraining rails, and a contact rail are important requirements. Addi-

tional information is given in Section 3.2.4.

Track Subgrade. The effeect of subgrade properties and the preparation

of the subgrade during track construction is a crltlcal factor for track perfor-
mance, but this is the least understood and the most neglected part of track
design. Additional information on the effect of the Subgrade on track dlfferen-
tizl settlement in service is needed to demonstrate the 1mportance of the subgrade
in obtaining improved track performance. The development of ]aboratory s0il tests
based on the static and cyclic loading for track needs further evaluation. See

Sections 3.2.6 and 4.8,

Track Model for Lateral loads. The current track design practice
is basedvalmost entirely on Vertical load requirements. However, many of the
safety related aspects of track performance such as thermal buckling, train
"derailment, track 1ateral shift, and rail roll-over are functions of the track
response tolcombined lateral and vertical loading and to longitudinal loading
In order to evaluate the effects of de51gn changes on lateral track response,
an analytlcal model backed by experimental data is needed to 1nclude the charac—
teristics of individual track parameters such as tie geometry, tie weight,
ballast type, and the dimensions of the ballast section. Additional detgil can
be found in Section 3.4. » 1 ' .

The identification of the major'track problems.in the rail rapid tran-
sit industry was an important task in this program, and it islevident that many
of the track problems are given little consideration in the track de31gn proce-
dures. Discussions w1th track design and malntenance personnel and previous
experience by the Battelle-Columbus staff were used as a basis for establishing .
a priority ranking of the most important track problems. The top six track
problems identified, in order of priority, were:

(a) Railvjoints

(b) Rail ‘wear and noise on curves

-(c) Rail fasteners

(a) Rail corrugatlon



(e) Rail field welds

(£) Track geométry ﬁaintenaﬁce.
It should be cautioned, however, that this is a subjective ranking rather than
a quantitative ranking based on maintenance costs, safety, or community accep-
tance criteria. It is quite possible that track geometry maintenance may
require the largest bart of the_track maintenance budget. Howeﬁer, loose bolts
in joints and raillfasteners or community and passenger complaints about noise
from rail corrugations may be a greater "annoyance" factor, and therefore théy
would have a higher subjective ranking based on discuséions with tréck design
and maintenance personnel. The major conclusions and recommendations for
research in each of these track problem areas are discussed in the following

paragraphs.

Bolted Rail Joints. - Corrosion and wear at the contact surfaces between

the rail and joint bars are the major cause of loose bolts. and loose joints for
standafd bolted rail joints. The degradation of the joint increases rapidly

as fhe bolts become lbose, and the increased loading on the tie is a major fac-
tor in the degradation of traék:profile. The need for higher bolt clamping_
forces to reduce wear conflicts with the requirements for the bolted joint to
alleviate rail thermal stresses. However, these requirements have not been.
fully evéluated. .

' It is recommended that typical joints in new track construction
should be instrumented to obtain a statistical description of joint loads,
displacements, and stresses under traffic. These data.shéuld be used as a
basis for laboratory tests under controlled conditions to determine the effects
of bolt preload on contact surface wear, joint stresses and longitudinal slip
forces. These data are necessary for the developmentAof new or modified joint

design concepts for improved life. See Sections 4.3 for more detail,

Insulated Rail Joints. Insulated rail joints are a particularly
important problem for the rapid transit industry because signal block lengths
are relatively short and a failed (electrically shorted) joint delays train
operations immédiately. It is not unusual to have to rebuild insulated joints
as frequently as every three months because the standard materials used for

electrical insulation have inadequate structural properties. However, there



are several new commercial designs for insulated joints that promise improved
life, and these are being installed for trial by seyeral properties. Appro-
priate instrumentation and a detailed evaluation of these test installations
would provide valuableldata'for the industry. A coordinated program is needed
to reduce duplication of effort and to make the data available to the industry
as quickly as possible. Accelerated life tests that correlate well with ser-
vice life are needed for both standard and insulated bolted joints. Additional

information is given in Section 4.3.

Improved Guidance on Curves. Tﬁe negotiation of short radius curves
is such an important réquirement and such a major sdurce of noise and wheel/
rail wear problems that the development of improved transit car truck designs
to provide primary guidance without flange contact should be given a high
priority. The achievement of this objective would provide substantial benefits
in terms of'improvediride quality, reduced noise, higher average train speeds,
and reduced train and track maintenance. Additional data are given in Section

4.4,

Rail Wear on Curves. Some limited improvements in rail wear on
curves should be possible with less effort than that required for developing
new truck designs. Several recommendations relafed to wear prediction and
the reduction of rail wear on curves include (see Section 4.4)

e The development of improved wear prediction techniques

based on wear data obtained from simulated wheel-rail
contact.

e A lubricant evaluation program combining field and

laboratory measurements is recommended‘to determine
the properties needed for an improved lubricant. The
lubricants now used for curve lubrication do reflect
recent progress in lubrication science.

e Wheel and rail lubricators are not sufficiently reliable

for rapid tranéit use. Design improvements are needed to
maintain constant lubricant delivery rates for a wide

range of temperdtures and lubricant properties.



e Continued evalution: of the effect of rail metallurgy and
heat treatment on rail wear is needed to provide a sound
basis for developing more durable rail for use in rapid’

transit track.

Rail Corrugation. Rail corrugations are an important track problem

because they cause objectionable noise and vibration, and the resulting wheél/
rail dynamic forces cause increased wear of the rail and vehicle suspension
components. However, there are no provisions in track or vehicle design pro-
cedures related to rail corrugations. Some recently developed theoretical
models for contact resonance phenomena show promise for explaining the initiatibn
and'deVelbpment of corrugations. But these models must be validated before .
they can be used with confidence as a basis for reducing or eliminating rail-
corrﬁgations by changing track or vehicle design procedures. . '
A program-td evaluate the critical mechanisms for the initiation of
rail corrugations should include (Section 4.6) ' '
e A study of the combined effect of normal loads and shear
loads on the deformation and wear processes producing
corrugations using controlled laboratory tests to identify
critical parameters and evaluate the effectiveness of
design changes.
e A field evaluation of the effect of vehicle traffic on
rail surfazce roughness starting with new rail and con-
tinuing through the development of a well-defined pattern
of corrugation. The track should be instrumented to measure
wheel/rail contact forces at track locations selected to include
curves and constant speed tangent track for both low speed
and high speed train operation.
e Metallurgical analyses of corrugafed rail should be made
to aid determining the roles of wear, plastic flow and

material phase changes on corrugation development.

Rail Field Welds. The availability of effective methods for field

welding sections of rails together is particularly important because bolted

rail joints are such a major source of track problems. It appears that the
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most frequently used method for field welding, the thermit process, is
capable of producing welds with sufficient strength for the rapid transit
industry. However, thé principal problem is the difficulty in obtaining con-
sistent weld quality with‘unskilled labor. ‘

' It is recommended that new concepts for fieéld welding and improve-
ments to the thermit process be investigated to improve the reliability of
field welds. It is important to evaluate‘wéld’integrity under realiétic
dynamic loading conditions because fatigue failures originating in the weld
or the heat-affeéted zone are the most important cause of weld failure.

Additional discussion can be found in Section 4.7.

Track Settlement. The review of current track desigh practice indi-

cated that.there were no design criteria diréctly related to the degradétion of
track geometry which results from differential settlement along the fréck route.
Furthermore, very little work has been done on track settlement except for the
development of a relatively simplified roadbed settlement model by TRW. However,
there has been considerable research on the response of soils to dynamic 1bading
that provides a godd foundation for developing settlement models that adequately
represent the complex state of stress and service conditions fouhd in actual
track structurés. It is apparent that the analysis of track settlement will
require considerable research on the characterization of ballast and subgrade
materials subjected to repeated loads, and this must include field measurements
of ballast and subgrade performance. Considerable field aata on track settle-
ment are needed to determine the validity of theoretical assumptions and to
correlate with the results of theoretical analyses. See Section 4.8 for more

detail.



3.0 CURRENT DESIGN PRACTICE FOR CONVENTIONAL AT-GRADE TRACK STRUCTURES

The majority of railroad track and a large part of urban rail track ;
.consists of steel rails supported by wood ties which rest on a roadbed of stone
ballast oﬁ top of a soil subgrade. The basic function of a track is to suppdrt-
and guide the trains. However, the important track performance criteria are
" the safety and ride quality for train passengers, the noise and vibration trans-
mitted to the community, and the maintenance problems and costs for the operating
property. It is significant to note, though, that the technical factors on which
the current track design practice is based are only iﬁdirectly related to fheSe
performance criteria. ‘

The current de31gn practice for at-grade track is based on. SatleYlng
a number of design crlterla for the strength of 1nd1v1dua1 track components.
These criteria include the follow1ng '

(1) Bending stress in the rail base

(2) Tie bending stress _

(3) Pressure on the ballast surface under a tie

(4) Pressure on the soil _subgrade.

_The flow chart shown in Figure 3-1 111ustrates the most important
steps in the track design procedure. It is apparent that the beam on elastic
foundation analysis model of track is the key.factOr in evaluating the track
components. This model utilizes a uniform track modulus representation of the
ties and roadbed to predict the deflection and bending moment of the rail due
to the vertical forces from the train wheels. The rail deflections and bending
moment are then used to calculate all of the design parameters.

Although it might be expected that the rail size would depend on
some type of stress criteria, other system requirements such as wear life,
electrical resistance, cost, and future availability more frequently govern
the rail size selection. This means that tie size and spacing are the remalnlng
design parameters which can be varied to satisfy the component design criteria,
and tie size and spacing are the major parameters in track design trade-off
studies.

One of the most significant factors in the design procedure is the
way in which tﬁe ballast section is sized. The ballast depth is selected based’

on its capability to reduce the pressure from individual ties to meet an
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allowable pressure limit for the subgrade. However, although it is generally
recognized that increasing ballast depth and compacting and stabilizing the
subgrade results in a stiffer and more durable roadbed, this effect is not
included as a part of the major iteration loop for track design.  Consequently,
track design is reétricted considerably by the initial assumption of a road-
bed support modulus based on average data from typical track.

!, The technical factors used for evaluating the individual track
components are reviewed in some detail in the following sections of this report.
However, the flow chart does demonstrate some of the important relationships
which might not be as clear when“they are discussed on a component-by-component

basis.

3.1 DESIGN LOADS

o The basic function of a track structure is to éupport and guide
trains. Vertical, lateral, and longitudinal forces are developed at the wheel-
rail interface as this function is performed. The track structure is also
subjected to continuoﬁsly changing thermal expansion and contraction forces.

The forces transmitted through the wheel-rail interface are:

(1) Vertical forces due to static weight and dynamic forces

from the response of the car to deviations in track
geometry and external disturbances.

(2) Lateral forces due to the car's response to track
geometry deviations and external disturbances, forces
from self-excited hunting motions, and the forces
necessary to guide the train through curves.

(3) Longitudinal forces due to traction and braking.

The actual forces transmitted to the track are quite complex, and a
statistical description of the loads is needed in ovder to evaluate the reli-
ability of any particular design. However, current design practices for track
are based on using representative design loads developed from empirical data,
and these have been continually revised based on observations of track per-
formance. Therefore, the»resulting'design loads do, in effect, represent a

type of statistical design, although there is no explicit relation between
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TABLE 3-1. WEIGHTS OF TYPICAL RAIL CARS

tight Rail Gers Tl Gox Melght (1hn)  Average fheel Lond (Ibe)
mprA(D) ‘ 32,000 47,000 4 4,000 5,800
Shaker Heights 42,000 60,600 : 5,300 7,600
Rapid Transit Cars _

BART(Z) : 61,000 ' 98,000 - 7,600 . 12,200
parco'® 75,000 98,200 9,400 12,300 °
CTA‘A) o 84,000 106,000 10,500 . 13,300
NYCTA (R-az)(s) 74,500 116,500 9,300 14,500
NYCTA (R-44) . 83,000 132,000 10,400 16,500
sogc(6> : 90,000 135,000 11,300 | 16,900
Railroad Cars

Passenger kTyp.) 131,500 144,000 | 16,400 18,000
Metroliﬁer— 158,000 170,000 19,800 - 21,200
Freight (Large) 80,000 280,000 10,000 35,000

Cooper E72 . - - _ - 36,000

{1) Massachusetts Bay Transportation Authority

(2) San Francisco Bay Area Rapid Transit

(3) Port Authority Tramsit Cbrpdration

(4) -Chicago Transit Authority Stress Analysis Loading
(5)  New York City Transit Authority

(6) State-of-the-Art Car ‘ |
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the design loads and a statistical prediction of track performance in terms of

safety, ride quality, durability, or life-cycle costs.

"3.1.1 Vertical Design Loads

The vertical force from the static weight of the car on the raiils
‘is the starting point for track design, and the car weights énd average
wheel loads for several types of rail vehicles are listed in Table 3-1. The
maximum loads for passenger-carrying cars are based on the seated capacity for
railroad passenger cars, but the maximum seated and standing passenger load
(crush load) is listed for the transit vehicles because this is a frequent
operating condition. v « ‘ '

'The maximum wheel loads range from a low of 5800 pounds for a light
rail car (street car) to as high as 36,000 pounds for the Cooper E72 locOmotivé
wheel loading recommended by the American Railway‘Engineering AsSpciation'
(AREA) és_a design load for railroad structures. Howéver,‘the'maximum wheel
loads for rapid transit cars are less than half of the ‘maximum wheel loads for
railroad -cars. .

The standard practice for track design is to use something close
to the maximum expected static wheel load and increase this by a speed dépen-
dent impact factor (typically 50 to 100 percent) to arrive at a designvwheel
load that includes‘dynamic effects. Axle spacing and the distance between ttruck
centers for the adjacent ends of two coupled cars are also data which are’needed
to superimpose the effect of adjacent wheels. Axle spacings normally range from
5 to 9 feet, and the truck center spacing between cars ranges from about 14 feet

to 28 feet. '

3.1.2 1ateral Design Loads

The track and vehicle parameters which affect lateral wheel forces
are too complex to use as a basis for determining lateral desigﬁ loads. Con-
sequently, the maximum lateral forces are usually derived as a percentage of
the vertical lpad based on "experiemce'". The ratio of lateral-to-vertical
wheel force is known as the "derailment quotient'". A derailment quotient of

about 0.8 can be used to estimate the maximum expected lateral force based on
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the nominal static wheel load. The way in which the effect of lateral forces
is included in the curremnt track design practiée is discussed in later sections

of the report.

3.1.3 Longitudinal Design Loads

Longitudinal forces caused by temperature changes are the omnly
longitudinal loads that are included in track design procedures. However,
the wheel forces from traction and braking do contribute to rail wear and rail
failures, and fatigue cracks are started and propagated by the stresses from
the combined vertical and longitudinal wheel loading.

Longitudinél'wheel forces are transmitted to the rail by friction,
and the maximum longitudinal force is limited by the coefficient of friction
and the vértitalvwheel force. The ARFA recommends a longitudinal fofce equal
to 15 perqent_of'the live load (static wheei load without dynamic effects)‘
_for‘design purposes. ‘Maximum values for friction coefficients on dry réil are

in the range of 0.25 to.0.33.

3.2 TRACK DESIGN PROCEDURES

3.2,1 Beam on Elastic Foundation Analysis

It is not surprising that the well-known theory for a beam on an
elastic foundation was first used by Zimmermann (Berlin, 1888) to calculate
the stresses and deflections of railroad tracks [3-1]%, Later work by Talbot
[3-2], starting in 1913 and continuing through 1942, and contributions by
Timoshenko and Langer [3-3] demonstrate& the accuracy of the elastic founda-
tion theory for predicting rail deflections and rail bending stresses due to
vgrtical wheel loads. The results from much of this work has been summarized

by Clarke [3-4] to form the basis for current track’désign procedures.

* Numbers in brackets designate references listed in Reference Section.
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The basic differential equation for the vertical deflection y of a
rail having flexural rigidity EI supported continuously by an elastic founda-

tion and loaded by a point load P at the origin is

EL —2 + Uy = P§(x) (3-1)

where U is the track modulus for a Winkler foundation defined as the load per
inch of rail length required to depress the foundation one inch
(1b/in/in or psi).

Equation (3-1) does not include several additional factors which are
known to affect the stresses and deflections in railroad track such as longi-
tudinal loads from thermal stresses, a restoring moment proportional to the
rotation of the rail and ties, the eccentricity of the vertical load on the
rail head, or any track dynamic effects such as inertial and damping forces.
However, this simplified analytical model has proven to be quite useful for
design purposes, and various empirically developed relations have been used
to compensate for the limitations in the analytical model and the uncontrolled
nonuniformities observed in actual track structures.

Professor A. D. Kerr of New York University has evaluated some of
these effects [3-5,3-6] and his work is being continued under sponsorship of
the U.S. Department of Transportation. Additional results from Kerr's study
should be available by the end of 1973.

The solution of Equation (3-1) for a single point load results in
the well-known relations for rail deflection y(x) and rail bending moment

M(x)

y(x) = (B/K)e " (Cos Bx + Sin 8x) (3-2)
M(x) = (P/43)e > (Cos Ax - Sin Bx) (3-3)

whexs
K, = %H (3-5)
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and where Kr represents the track stiffmess, or spring rate (1b/in), for a
vertical point load applied to the rail head.

The normalized curves for the rail deflection and the rail bending
moment are shown_in Figure 3-2, Thé distapqe frqm the‘loading point to the
~point of zero bending moment is a éonveniént reference distance. This can be

calculated for the condition M=0 from Equation (3-3) as

X, =T 5 : : (3-6)
1 "% : k .

and the distance from the load to the point of zero rail deflection X, 1is

X =3X . ‘ 3-7).
1 : : ( )v

_ For reference pufp&sés, Table 3-2 lists typical data for the charac-
teristic lengths X, and X, for the range of raiL:sizes normally used by the
rapid transit industry. As a rule, the discrete.tie supports can be approxi-
mated satisfactorily by a continuous foundation as long as the tie spacing
does not exceed Xl. Table 3-2 indicates that the;tig spacings of 22 to 30
inches used by the rapid transit properties for at~-grade track meet this cri-
teria for most of the expected range for track modulus.

The solutions for the rail bending moment and deflection due to a
point load can be superimposed to obtain the total deflections and bending
moments resulting from the wheel loads of single or multiple cars. Typical
axle spacings for rapid tramsit cars range from 6 to 8 feet, which is equiva-:
lent to a distance of about 2X1-to 3X1. The curves in Figure 3-2 show that
adjacent wheel loads will usually increase the rail deflection but- reduce
the bending moment under the reference wheel, This coupling effect is often
accounted for by using a "Zimmermann' load to calculate rail deflections and
a Iv"I‘albot" load to calculate rail bending stresses. These equivalent single
loads give the same maximum deflections and bending stresses that would be
obtained for a particular car or train configuration, and they include the
influencé factors from‘adjacent wheels obtained from Figure 3-2,

It 1is generally accepted that rail deflgctions and bepding stresses

can be pfedictéd with acceptable accuracy for uniform track conditions if the

17



= N N
00 ‘\\\
0.2 \

' 1\ /
I Y N 4

\ N/

/ /\Rcil Bending Moment (4,8M/P)

o — \
| \ Y
A

o8 , I\ [ /| SRail Deflection (kr Y/P)
1.Ob— - : — —_—

-3X, 2X, X, O IX; . 2x, 3x, ax, 5X, 6X
Distance Along Rail From Wheel Load Point, x, = n/4

Normalized Deflection and Bending Moment
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TABLE 3-2. TYPICAL DATA FOR CHARACTERISTIC LENGTHS X, AND X_*

1 2
Track 100# Rail 115# Rail 132# Rail
Modulus, (psi) xl(ln.) X, (ft.) X, (in.) Xz(ft.) X (in) X, (ft.)

500 45.9 11.5 - 49.4 12.3 53.1 13.3
1000 38.6 9.7 41.5 10.4 44,7 11.2
1500 34.9 8.7 37.5 - 9,4 40,4 10.1
2000 : 32.4 8.1 34.9 8.7 37.6 9.4
3000 - 29.3 7.3 31.5 7.9 34,0 8.5
4000 27.2 6.8 29.3 7.3 31.6 7.9

* See Equations (3-6) and (3=7).
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track modulus is determined by measurements. If the rail is loaded by a single
axle, the measured track stiffness Kr could‘be used to calculate an effective
track modulus from Equation (3-5). An alternative approach that has been used
frequently is to load the track with either a single axle or several axles
(a car), measure the deflection of the rail at each tie for a.suffiqient dis-
tance on both sides of the loaded track to include all significant deflectioﬁs;
and calculate the efféctive stiffness‘fbr the supﬁort of "each tie based on
static equilibrium conditions for the applied load.

This procedure is illustrated in figure 3-3 for a single wheel load

P, The equilibrium condition is

rex Ty, e
B i . .

where it is assumed that the stiffness Kt is. the same at each tie, and that
the stiffness is equally effective for downward or upward rail deflections.
The use of a loaded car is preferable to a single load for this type of measure-
ment because the effect of rail "uplift" is reduced, thereby improving the
accuracy of K, in calculating deflections and étrésses for cars with similar
wheel loads and axle spacing.

An important deficiency of using the beam on elastic foundation theory
for railroad track consisting of ballast on top of a subgrade is that the
Winkler fbundation model neglects any continuity or coupling in the foundation,
This model assumes that a pressure applied to one area of the foundation does
not cause any deflection outside the loaded area. This leads to the conclusion
that the stiffness calculated from measured data using Equation (3-8) in the form
P o . (3-9)

Kt =

"1
Z Yi
i

should be the same as the stiffness obtained by loading a single tie (with no
rail attached). However, Hetenyi reports [3-1] that data obtained by

A, Wasiutynski in 1937 indicates the effective stiffness obtained by Equation
(3-9) is about half the stiffness measured for a single tie because of the

coupling effects of neighboring ties through the ballast and subgrade,

19



=
A

e

7V

TRACK MODULUS MEASUREMENT PROCEDURE .

FIGURE 3-3,

20



An approximate analysis by Kurzweil [3-8] using the theory for a
viscoelastic halfspace indicates the effective stiffness is related to the
measured stiffness for a single tie by KtAﬁT, where n is the number of ties
that are deflected by a ‘point load applied to the rail. This conclusion results
from the assumption that the equivalent stiffness for a single tie is proportional
to the square root of the bearing area of the tie on the ballast, which is
theoretically correct for a rigid circular plate on an elastic halfspace. This
assumption only approximates the interaction of adjacent ties, the effect of
the rectangular contract area geometry, and the behavior of ballast and sub;
grade materials. However, Kuraweil indicates that n is typically <10, so
the possible range for the effectiventie’stiffness in tratk would be from
K .to K /'/Ia. Therefore, Kt/2_represents:a,reasonable value for this
rahge. .
o ‘It is apparent that the magnitude of this coupllng effect mus t depend
on:the tie spac1ng and size, the ballast depth, and subgrade propertles, but
no additional measured data on these effects were located in the llterature.i
These coupling effects are tacitly included if measured data are used and the
track design does not deviate much from the measurement conditions. However,
this empirical approach cannot be used to accurately evaluate new track designs
where measured data are not avallable. The influence of the cont1nu1ty in the
ballast and subgrade may have important implications on the validity of results
from -design trade-off studies involving the effect of tie spacing on rail
deflectlons and stresses and pressures in the ballast and subgrade.

The standard design equatlon for including the effect of tie spacing

4, on track modulus is
U = Kt/lt . ’ (3-10)

Kt’ and hence U, would be obtained from data meaeured on typical.track.

Table 3-3 summarizes some typical track modulus data from W, W. Hay
[3-7]. It is apparent that track modulus can vary by an order of magnitude
(frem U = 500 to 5000 psi) depending on the track-and roadbed. However,

design values of either 1,500 psi or 2,000*% psi are typically used for sizing

* Track modulus values as high as 7000-8000 psi have been observed in the
literature from Japan and the USSR,
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TABLE 33, TYPICAL TRACK MODULUS DATA

Rail

Size

85 1b

85 1b -

85 1b
o1
85 1b
85 1b
85 1b

130 1b
RE

110 1b

RE

110 1b
RE

. 7II

Tie
Size
7 xS
7" xgll.
. X8.Il
é" x8"
7" x9"
7'.'1 X9"'
7l| .X,9"
7" x9"
7" x9"
‘#9"1

X8 '6"
%81 6"“‘

.x8'0"
iXS loil .

#éloll X

X8'0"

XS 16" .

x816"

x8'0"

x8'0"

'lTie
SEac1ng
22 1n.v
22?AJ
22

22

6" Fine cinder ballast, in poor . o
" “condition on loam and clay. Dubgrade . 530 - -

. Track’ and Ballast Track

6" Cinder ballast, in fair con~ :
dition on loam and clay subgrade . . 750 .

6" Limestone on loam and clay roadbed.

Good condition before tamping . : 970

6" Limestone on loam and clay

" roadbed. After tamping = - 1080 -

NA
NA
22
22

" 22(6.E.0.)

12" Limestone on loam_andvélay roadbed.
Good condition before tamping - - 1065

12" Limestone on loam and clay roadbed.-

After tamping _ - 1090

24M Crushed 11mestone on loam and

clay 1200

24" Gravel ballast plus 8" of heavy
limestone on well packed roadbed 3000

Flint gravel ballast on wide; stable .
roadbed ' 2900

Limestone ballast on wide, stable

roadbed 5100

22

Modulus (psi)



new track for either railroad or rapid transit. For example, the design study
for the Washington Metropolitan Area Transit Authority [3-9] is based on the
premise that ballast track with 7" x 9" x 8'6" wood ties spaced at 20 inches
will have .a track modulus of U = 2,000 psi. This initial design-value is used
to evaluate the effect of tie type (wood or concrete) and size; tie spacing
and rail ‘size on rail deflections and rail stresses:using the beam on elastic
foundation analysis. Although the additional track design parameters such as
ballast depth and subgrade preparation are considered, their effect is not
included in the overall track modulus. This results in the erroneous conclu-
sion that rail deflections and stresses are independent of the ballast depth
and subgrade parameters used.for the final design,

For the WMATA design values discussed in the® previous paragraph.
(U = 2000 psi for 7" x-9" x 8'6" wood ties with Ly = 20 inches), the effective
tie support stiffness of Kt = 40,000 1b/in, would then be assumed constant
in evaluating the effect of different tie spacings. Therefore, the soil
coupling effects for a 20-inch tie spacing would be used automatically, even
though the final track design might have zt = 30 inchés or greater, »

Fortunately, however, a 100 percent error in U (and'Kt) is the
maximum error that will occur if the ties are spaced sufficiently far apart so
that the factor of 2 included for the foundation coupling at 20 inch spacing
can be neglected., It is also fortunate that a 100 percent increase in U- causes
‘only a 16.5 percent reduction in the maximum bending stress, .and a 40 percent
conservative error in predicted rail deflections and pressures on the ballast
and subgrade., However, there are no.reliable analytical techniques or suffi-
cient measured data to accurately include these foundation‘coupling effects.

Tie type and size are also important design parameters which. affect
the deflections and bending stress in the rail and the pressure transmitted
to the ballast and subgrade.. The use of the elastic foundation model results
in the conclusion that the average pressure transmitted to the top of the

ballast Py by the maximum rail seat load q is
.0

o= . (3-10a)
Ab_
where 1 = Kt Yiax = UJz't Y max (3-11)
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and A, is the effective bearing area of one half of a tie.

b ,
The actual calculation of an effective bearing area for wood and

concrete ties and the dlstributlon of the resulting préssure through the
ballast will be discussed 1n,1ater~sect10n$.. However, it is useful to define
a modulus of. roadbed reactiontk =Kelbp= Ugr/4y to represent the. support pro-
vided by the roedbed' For a roadbed with spec1f1ed subgrade and ballast,
it-is sometimes.assumed that k is the constant, so that
1 . : .
k = Mo A , o “(3-11a)

“where. the primes designate a control situation. For thls case, the effectlve
track modulus depends only on the tie spacing and tie bearlng area, ‘as shown

by equation (3~ 11a), and is given by the equatlon n - e o
=_.t.. o U'=_B .K.E_-- : L (3-12)
T \&T)T TTNET) SUR

The control situation used for the WMATA track design [3 -9] was
U' = 2,000 psi, 4'¢ = 20 inches, and A'y = 312 in? for 7 x 9" x 8'-8"
wood ties., _
» Itrié questionable whether the effective tie support stiffness Kt for
real track is actually proportional to the bearing area, or to some other func~-
tion of the tie diﬁensions. The elastic foundation theory gives the area
relation, whereas the theory for a rigid circular plate on a continuous elastic
medium [3-8, 3;101 indicates the stiffmess is proportional to the plate radius,
. or the sﬁuare rdbt,df the area for a ¢ircular piate. Thus it is appérent that
the actual flexibility of the tie and the elastic behavior of the ballast
material will affect the‘relation between tie size and track modulus, 'The
‘practical significance of this relation is that the. apparent advantage possessed
by a concrete tie with its larger bearing area that pérmits wider tie spaeing
for comparabie track modulus may not be as great as has been assumed.

A second shorteoming of this design approach is that the effect of
vvariatiops:in'subgrade or ballast characteristics are mot included in the

analysis of rail deflectioms, rail stresses, or the pressure on top of the ballast.
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Ballast depth is included in the standard design procedure as a factor in
reducing the pressure transmitted to the subgrade, but the effect of varia-
tion of ballast depth on ballast and subgrade deflection is mnot included
in the formulation for U or Kt.

Previous work done by Battelle [3-11] utilized an approximate modelv
to lnclude the stiffness of the subgrade Ké and ballast Kb as springs in
series to arrive at an overall tie stiffness of

K K

R = 25 ' (3-13)

tA Kb+KS
This is a useful approach for including the track roadbed characteristics in a
'direct formulation to replace the empirical approach'used currently, but con-
siderable add1t10na1 research is needed to develop a model with sufficient |
accuracy to cover a broad range ‘of track design parameters. These requlrements
will be dlscussed in greater detail in Sections 3. 2 5 and 3.2.6 on ballast and

subgrade.

3.2.2 Rail Size

The selection of a particular rail size for a new track design depends
.on_an evaluation of the structural requirements, the electrical requirements,
current and future availability from rail suppliers, and the economic influence
of support spacing, rail wear, and maintenance costs. These factors are eval-
uated in considerable detail for the WMATA track design [3-9], and the consid-
erations which led to the final selection of a 115 1b, RE rail siée are summar-
ized as follows? |
e The use of three different structural design equations based
on axle loads, train speed, dynamic impact, track<conditions,
and ‘track support showed that a rail section welghlng 90
pounds per yard would be adequate.
; The de51rab111ty for hav1ng a rail sectlon w1th suff1c1ent
cross-sectional area to meet the electrical requirements
for negative return of traction power without using addi-
tional copper cables, which have recently increased in cost,

showed that a 100 pound per yard rail section was needed.
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e The accessibility of mills on the East Coast and the>prev-
ious'requirements resulted in the selection of 100 'pound
RE, 115 pound.RE"and 132 pound RE rail for ecomomic

' analysis. '

o Detailed cost analysis plus intangible judgment factors
resulted in the final selection of 115 pound RE rail for
all track, It was decided that assumptions regarding
the spacing of rail fasteners and ties were important
factors in the cost comparisons as were the life predic-

-tions based on rail wear on curves and tangent track.

Whlle it is beyond the scope of this report to cons1der the economic
factors for ra11 selectlon, des1gn procedures used for the structural evalua-
tion of rail slze and ra11 wear analysis will be dlscussed in the following
sectlons. Covs1derab1e data on the productlon and ava11ab111ty of rail sizes
currently.belng used for new track constructlon by the -rapid trans1t 1ndustry

are included in Appendix A..

3.2.2.1 Rail Structural Requirements

Determining an approbriate rail size based on. struCtural requirements
is governed primarily by the wheel. loads. The value for wheel load is affected
by static weight truck wheel base," maxlmum design speed, and ant1c1pated
irregularities ln the track structure and the wheel profile. Most of these
factors;'either expressed or implied, are incorporated into the three design
eqﬁations used in Reference [3-9]. All three equations have been‘successfully
app11ed to determine, structurally, an appropriate rail size, '

Equatlons (3 14) and (3-15) were developed emplrlcally, and as a
result, will probably work best on conventional track where the various implicit
assumptions still hold. Equation (3-16) was derived analytically from the beam
on elastic foundation theory and it allows for more explicit variatioms of the

design parameters.
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W =314 - 47.0 (106) : o (3-14)

o , 3
(2P)K + 147.2 (10°) .
’ 2 2/3 .
P + 0.0001 PV 1 .
Wo =17 2000 (3-15)
0.318 (PK) X1
Zb = -——f——— (3~16)
. o
where
Wo =-rail weight (1b/yd.)
P = gtatic wheel load (1lbs.)
K = impact factor (ratio of dynamic to static wheel load)
vV = trail speed (mph) ‘
’ Zb‘= rail base section modulus (in?)
X1 = distance from wheel load to point of zero bending
moment (in.) _
fo = maximum allowable bending stress in the rail base (psi)

A calculation using typical values from the WMATA design of P =
15,000 1bs, K = 2, V = 75 mph, X1

the coneclusion that 90 1b/yd. rail was adequate for structural strength.

= 34 inches, and £ = 25,000 psi confirms

Wo = 87 1bs/yd. (from Equation 3-14)
Wo = 87.5 1bs/yd. (from Equation 3-15)
Zb =13 in.3 (90 1b/yd.) (from Equation 3-16).

The use of an allowable bending stress of 25,000 psi for continuous
welded rail is based on standard American and European design procedures [3-4,
3-71, whereby the bending stress calculated from the. beam on elastic foundation
analysis for static vertical loads is increased by appropriate factors for the
effects of temperature,‘speed, rail wear, unbalanced superelevation, lateral
bending, and track condition. A simultaneous combination of these assumed
"average' factors represents a relatively severe condition, and a yield stress
of 70,000 psi is used as a limiting stress for the total allowable stress in
the rail base. The devélopment,of these factors, discussed below, is largely

dependent on the work by Talbot [3-2].
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Impact Factor. The impact factor, or speed factor, is freqdentiy

included. directly in the stress and deflection celculations'by using a "dynamic"
wheel load as demonstrated in Equations (3-14) and (3-16). Actual dynamic wheel
forces are caused by a complex combination of effects that depend on the dynamics
of both the track and the vehicle. For example, typical measurements ‘of the rail
bending stress.resulting from wheel flats show that the rail stresses increase
rapidly with speed, reaching a maximum between 15 and 30 mph, and then'decrease
slightly to about 40 mph. - The stresses increase again at higher speeds, but
they seldom exceed the peak stress reached at 15<30 mph. On the other hand,
.dynamic.forces from track geometry irregularities and from wheel unbalance tend
to increase rather continpously with increasing speed.

The brocedure’used»throughout'the railrbad industry is to apply an
empirically~derived, speed dependent impact factor to the static wheel load
that’ represents this general trend for dynamlc wheel loads. |

The Indian R311ways [3 12] uses a speed factor K given, by

1+31;’1/2 N . (3-17)
where V is train speed in miles per hour and U is the track modulus in rsi.,-

. Some other equations. used for the impact factor by European railroads.
show a V2 relation [3-13], but most of the available data indicate the speed
factors predicted using the V2 relation are excessive at high train speeds;
Measured data indicate that rail flexural stresses vary with train speed
the proportlonallty lying between V and V [3 41.

- An equation used in [3-9] and included implicitly in Equation (3-15)
N {

s - , 213 |
= [1 +0.0001v°] . O (3-18)

The speed factor recommended by ‘the AAR and used by Magee [3-14] to

determine rail stresses is ’ '
K=1+3= _ , (3-19)
'where‘ﬁ is .the whee1>diameter in inches. .A
Figure (3-4). shows that the results using these different equations

are quite similar. However, considering the variability for the speed dependent
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factors and the other empirical factors used for rail stress calculations, it
is not surprising that a dynamic wheel load equal to twice the static wheel
load is often used as é convenient factor for designing rapid transit track
where the maximum speeds are 75 to 80 mph,

Table 3-4 compareé empirical factors from several references. These

factors are used to estimate maximum rail stresses and are discussed below.

Locomotive Factor, Variations in static weight distribution in cars

or locomotives produce actual wheel loadings which may exceed a uniform distri-

bution by -about 5 percent,

Lateral Bending Factor., Although the basic track design analysis con~

siders only vertical loads, this factor accounts for a lateral wheel load com-
ponent producing bending stresses in the outer edge of the rail base which will
add directly to the vertical bending stresses on one side or the other. The

same factor is used for curved or tangent track.

Temperature Stress Factor. In jointed track, the tensile stresses

caused by low temperature depend on maintenance procedures, joint bar resist-
ance, and rail anchor restraints. A greater allowance is needed for CWR to
allow for rail temperatures as much as 100 degrees below the rail laying temp-

erature,

Rail Wear and Corrosion Factor. Corrosion effects and rail wear on

curves reduce the rail section modulus.

Unbalanced Superelevation. AREA recommendations limit operating

speeds on curvés to 3 inches of unbalanced superelevation., This produces a

15 percent increase in wheel load on the outer rail for a vehicle with a
center of gravity 84 inches above the rails. Higher unbalances can occur when
operating very slowly on high-speed curves (high superelevation), but this

would be offset by the reduced impact factor for the low speed.
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Wheel lLoad Speed Factor
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FIGURE- 3-4, COMPARTSON OF SEVERAL FORMULAS USED TO PREDICT THE
EFFECT OF TRAIN SPEED ON RAIL STRESS



TABLE 3-4, COMPARISON OF STRESS FACTORS FROM THE

LITERATURE

Stress Factor Hay [3-7] Clérk [3-4]‘ ' _ Magee [3=14]
Locomotive 5% 5% 0
LateralfBending o 15% . 15% 20%
Temperature ‘ 7000 psi 7000 psi ~ 5,000 psi (B-J)(l)

' : (Jointed) (Jointed) - 10,000 psi (M=J

. . i . 20 000 psi (CWR
Rail Wear 10% 10% ;
Unbalanced ’ 15-20% 15% ‘ 15%
Superelevation : o
Track Condition 25% 25% 25% (M)
_ 35% (B)

Rail Yield 60,000 60,000 70,000

Strength, psi

(1) Branch = Jointed Track (B I, Maln - Jointed Track M=), Contlnuous
Welded Rail (CWR)
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Track Condition. Increased bending stresses result from the

" occasional worn, deterlorated or low ties, or soft spots in the roadbed.
Using the factors in Table 3-4 recommended by Magee, the calcula-

tion below demonstrates the procedure of multiplying the stress factors to

obtain the maximum allowable bending stress_fer vertical loads on CWR with a

70,000 psi yield stress,

70,000 - 20,000 ‘= 25,000 psi
@ 20y (1.25) (1.15) (L.15) :

Brltlsh rall has 1ower carbon content and therefore it has a 1ower
yield stress of about 60,000 psi. .British practice is to*llmit flexural -
stress to 50 percent;of the yield stress. [3-4]. However, it is not clear if

this includes'CWR teﬁperature-related stresses, If the 20,000 psi temperature
.stress were not 1nc1uded 1n the above equatlon, then the same 50 percent value
(35, 000 psi) would be allowed for flexural stress.

German ra11 design practice [3-13] limits flexural stress based on
the class of track and type of traffic (implying a compensation for endurance
limit). The stress values range from 21,300 psi (1500 kp/cmz).for101ass 1
‘track to 28,500 psi (2000 kp/cmz) for Class III track,  ‘These values apply to
rail steel W1th a yield stress ranglng from 48,400 psi. (34 kp/mm ) to 74,000
psi (52 kp/mm ). Using the lower limit for yield stress, a Class I track is
allowed 44 percent of yield for flexural stress. Other stresses are allowed

as‘followaﬁ

Temperature'stress - 40 percent (19,400 psi)
Lateral bending - 44 percent - (21,300 psi)
Wheel flat stresses - 46 percent (22,300 psi).

The total exceeds the yield point by almost 75 percent, and this is ration=-
alized by the low probability that all of these maximum values will occur
simultaneously at one location on the rail.

The fact that rail structural failures are not a significant problem
for the older rapid transit properties in the U, S., which generally use 90-1b
or 100-1b rail, substantiates that rail of this size is structurally adequate.
This also shows the increased structural safety margin associated with the new
constructions where 119-1b rail is being‘used in San Francisco and 115-1b rail

is being installed in Washington.
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3,2,2.2 Rail Wear Analysis

Predictions for rail wear based on AREA recommended formulas and
the Couard method were reviewed and compared in the WMATA Trackwork Study [3-9].
Both of these analysis procedures are empirical formulations based on railroad

(rather than urban rail) experience.

AREA Method. The AREA [3-15] method is based on predicting rail life

Ap for tangent track in years by :
| M =3 <3_/$—a> (3-20)
T o= CWOBO'565 (3-21)
where |

rail life in million gross tomns of traffic (M.G.T.)

= permissible rail wear (inches)
= annual traffic (M.G.T./year)

0.545 (constant based on railroad experience)

T
0
B
C
Wo = rail weight, lbs/yd.

The life of rail on curves is estimated»aé a percentage of the rail
life predicted for tangent track using the factors listed in Table 3-5.

. This type of formulation does not include specific conditions such
as vehicle.sﬁeed or configuration, unbalanced superelevation, track grade,
rail type (standard Or heat~treated), or metallurgical properties, or the typé
of lubricant used. Consequently, the predicted results can be used as estimates
. for existing track design, but they provide no useful guides for improving
either vehicle or track designs to reduce wear, particularly on the very short
radius curves (90 to 150~ft radius) that are of greatest concern for present
urban rail transit properties.

No detéiled explanation or derivation of Equations (3-20) and (3-21)
was found in the literature other than an indication that they are based on an
allowable vertical head wear of 3/16 inch on tangent track. The value for C '
should be determined from experience under operating conditions similar to a

.new installation for which a rail 1ife‘estimate is needed. However, the

validity of this entire procedure is questionable.
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TABLE 3-5, . RAIL WEAR FACTORS FOR PREDICTING
RAIL LIFE ON CURVES [3-9]

Percent of Tangent Rail Life

Degreé Curves " Without With
of Curve Radius, ft.. Lubricators ) Lubricators
0 o - 100
1 5730 87 100
2 2865 A 73 B
3 1910 0 .79
4 1433 . 48 70
5 1146 . 38 62 -
6 955 30 55 ~
7 819 - 22 I -
8 7 16. - Wl '
9 637 | 12 - » 40
10

574 10 ' 37
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Couard Method [3-9, 3-16]. The Couard method for calculating rail

wear is based on the following equations for annual wear rate,

Vertical Rail Head Wear on Tangent Track

W= 5(107% ¢ (1+0.23 g7y BV + 0.0025 (3-22)
Vertical Rail Head Wear on the High Rail of Curved Track
W= 5.5(10"% ¢, (1+0.10, +0.23 gt7y BV + 0.0025  (3-23)
Side Head Wear on the High Rail of Curved Track
W = 8(107°% C,D_ (1 + 0.1 U, +0.23 g ') BV +0.0025  (3-24)
Side Head Wear on Curves with Rail Lﬁbricators
wsﬂ = 0,7 (WS - 0,0025) + .0025 (3—25)
where
WV = gnnual vertical head wear (inches/year)
WS = annual side head wear (inches/year)
wsz = annual side head wear on lubricated rail (inches/year)
g = track gradient (percent)
B = annual traffic density (M.G.T./year)
-V = operating speed (mph)
Ub = unbalanced superelevation (inches)
Dc = degree of curve (degrees)
C1 = ratio of rail head width to that for 140-1b. RE rail
C, = ratio of rail head depth to that for 140-1b. RE rail.

These equations were developed for 140-1b, RE rail, and Table 3-6

lists correction factors C1 and 02 for several smaller rail sizes. The cal-

culated values of WV and WS are used to predict the rail life xc (in years)

by the Couard method by dividing the annual wear into the permissible wear 6

8

AN =,
c Wv(or wS)
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TABLE 3-6. WEAR FACTORS FOR CALCULATING RAIL
HEAD WEAR BY THE COUARD METHOD

Wear Factor . °

Rail Size - S %
100-1b RE . 1.1163 . 1.2452
115-1b- RE 1,1034 1.2222
132-1b RE 1.0 | ©1.1786
140-1b RE | 1.0 1.0
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The Couard method does include a more detailed deécribtion of the
track geometry and an allo&ance for train speed that are.not considered.by the
AREA method, but additional information is needed to evaluate substantial
changes in the vehicle or rail parameters which might reduce rajl wear'signif—
icantly. ‘

An examination of the Couard equations indicates that train speed
and track grade have an important effect on estimated rail life. A comparison
of rail life predictions in Table 3-7 indicates that the two methods give
similar predictions for tangent track, but there is considerable difference in
the side wear predicted for curves. Detailed wear and traffic data for partic-
ular track locations are needed in order to better evaluate the accuracy of
either of these two methods. However, the Couard method éertainly has the
best potential because it includes a greater number of the significant opér-
ating parameters. ' '

Additional discussion about rail wear can be found in Section 4.4

3.2.3. Rail Fasteners

From the earliest days of railroading, the rail fastener-the element
holding the rail to the tie or other support-has been a key element in the track
structure., As track structures become more sophisticated, it is the fastener,
perhaps more than any other component, where the requirements will increase the
’most. In this section of the report, therefore, the role of the rail fastener
fof various types of track structure will be examined briefly, and the methods
for defining the rail fastener requirements will be discussed,

The earliest type of ‘track, and the one which. accounts for the majority
of track construction even at the present time, is the classical wood tie and
ballast track. The basic role of the fastener in this type of track is to main-
tain gauge. This was done in the earl;est days by driving cut steel spikes into
the wood ties with the spikes bearihg directly against the edges of the rail base.
Today, most track includes ; steel tie plate between the rail and the tie to pro-

vide a broader seating area and a shoulder for improved lateral restraint.
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'TABLE 3-7. COMPARISON OF RAIL WEAR PREDICTIONS
o 'BY. AREA AND' COUARD METHODS [3-97

RATL LIFE (Years)

8¢

. Allowable Rail ' | Vertical: Wear .- - Side 'Wear : ’ Side Wear ‘
Rail . Wear (inches) , ‘ Tangent Track ... -~ Curved Track. - ~ Lubricated Curve .
Size A Vert_ica"[ Size = AREA(D) Couard(2) AREA(3) Couard(4) - ‘KR_EKKB). Gouard (4)
l00-1bRE 172 12 w29 3.4 23 4
Clls-b REC 17/32 0 17/32 60 55 Cn 3 28 . 5.3
132-1b R 19/32 21/32 77 | 61 13 4.8 35 6.8
(1) B = 12.2 M.G.T./yr., | ' - R :
(2). B =12.2 M.G.T./yr., V = 50 mph, g = 2.5 perceﬁt_ ‘ |
' (3) B =12.2 M.G.T./yr., Curve = 7.59 degrees (R = 755') :
(4) B =12,2 M.G.;T./yv'r., V = 40 mph, g = 4.0 pércen,t, D, = 7.59° (‘RA.= 755'.), ﬁb = 4.5 in.



In this common, type of track construction the maintenance of gauge is
the only function which the rail fastener (spikes) performs. The rail fasteners
do not supply a hold-down force to the rail, -they do not provide a friction -
force to prevent longitudinal creep, they do not provide 1atera1 or vertical
resilience in the track structure,.and they do not provide electrical insulation.

The more. recent use of concrete ties has required the adoption of
some fastener other than a steel spike. In the earlier applications; an insert
utilizing a.steel bolt-type member and a steel clip replaced ;he traditional
cut_or screw-type steel spike, The need for additional electrical insulation
to replace the insulating properties inherent in the wood tie led to more com-
plicated fastener designs utilizing elastomeric or fiber type pads beneath the
rail. .This introduced the potential for varying the rail support stiffness
while maintaining the same tie type and spacing.

With this more complicated fastener, necessitated by the use of
concrete ties, it became logical to .incorporate a means for restraining the
rail, longitudinally in the fastener., The net result for many existing concrete-
tie fasteners is a fastener that not only maintains lafergl alignment, but also
provides complete electrical insulation, provides restraint to longitudinal.
motion of the rail, supplies a positive vertical hold-down force, and provides
lateral and-vertical resilience to compensate for the increased stiffness: some-
times-obtained because of the larger bearing area of the concrete ties.(for a
fixed tie spacing). : )

. The use of contimuous longitudinal beams or slab for at-grade track
and direct fixation to concrete in .tunnels. and subways and on elevated structures
represents .additional important applications for more sophisticated rail fast-
eners., Direct fixation fastenings are being increasingly utilized in tunnels to
reduce the required ;uhnel size by eliminating the space required for ballast,

Two major changes in the rail fastener requiremehts are necessitated
for direct fixation to these types of structures. First, these structures are
inherently stiffer than ballast track. Although this.increase in stiffness is
a desirable feature for at-grade track structures to reduce the magnitude and
frequency of the pressure pulses transmitted to the subgrade, this increase in

stiffness is undesirable from the standpoint of the dynamic forces generated at
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the wheel/rail -interface. If.the track alignment and profile Were’perfect, and
the wheels and other running gear of the cars were also perfect; there ﬁould be
" no problem. However, the imperfections. which reallstlcally are present on both
the rail and vehlcle generate dynamlc forces which adversely affect the ride of
the vehicle and the maintenance .of both the vehicle and the track. Previous
studies by Battelle [3-11, 3-~17] and chers have shown that it 1s‘desirab1e to
introduce resilience into the'rail fastener to c0moensate for'this increased,
stiffness, and this becomes a major fastener de51gn requlrement. Resilience is
also desirable for reducing groundborne vlbratlon transmltted to the surround-
1ng communltles. o -
Another 1mportant fastener requlrement for dlrect flxatlon is that of

providing. vert1ca1 and lateral adJustment. As long ds’ cross’ t1es ‘are used

~-—---———they—can-be-moved—both— vertlcallyvandtlaterally tO*allgn thettrack'“although"“——“*"'

this becomes 1ncreas1ngly d1ff1cu1t with heavy concrete ties. It 1s ‘also’
1mportant that the fastener be relat;vely easy to. 1nsta11 and malntaln, and
provide the capablllty for removlng and replac1ng ra11 w1thout dlsturblng the

" horizontal or vertical allgnment.. This is particularly s1gn1f1cant for rapld
transit use where rails are replaced frequently on’ tlght curves. ,

With regard to the selection of ra11 fasteners, the. role of the track

des1gner is frequently restricted to wrltlng speclflcatlons wh;ch can be met’
by available fasteners, - In view of the increased requirements forlrall fast- -
eners as track structures improve, it is not surprising that. there have been
problems obtaining commercial fasteners to meet these'specifications.; In
essence, fasteners are still in an early stage of development in this country,
although in Europe-where concrete ties have seen.more service~ the development
of fasteners is also further along. Work'is.needed to develop fasteners which
meet the demands imposed by the railroad and rapid transit properties in this

country,

3.2.3.1 'Development of Fastener Design Requirements
The relative 'simplicity of conventional wood tie track construction

combined all too often with a poor state of repair belies the fact that high

forces of a complex nature are repetitively transmltted through the ra11 tie
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interface. Most important, of course, are the vertical forces which are trans-
mitted from the train wheels into the track structure. An interesting aspect

of the vertical load pattern is the presence of upward motions ("wave action")
both ahead and behind the. wheel that must be accommodated by the rail fastener.
In conventional track, where spikes are elther not completely driven in or
partially pulled out during service, the "wave action" is virtually unrestricted
and the rail 1ifts freely from the tie. But a resilient rail fastener must be
capable of withstanding these uplift forces continuously without fatigue failures
in structural components or extensive degradation of the resilient materials,

In addition to the vertical loads, large lateral loéds are developed
by the trains on curves, by vehicle hunting, and also:by the rail forces due to
thermal expansion and-contraction. With conventional construction, lateral
loads are transmitted into the shoulder of the tieplate and through the spike
into the ties., If a resilient element,'suéh as an elasfomeric-type rail fast-
ener, is used between the rail and the main éuppdrt; this resilient element must
be stiff enough to prevent excessive lateral motion of the rail; otherwise, derail-
ments will occur due to excessive gauge spread or rail .rollover.

‘ A third and equally important type of load which must be resisted by
the ra11 fastener is the 10ng1tud1nal load which is ‘generated by the ‘accelera-
tion and braklng of the tralns, and by thermal expans1on and contraction forces
which exist even in the absence of trains. In conventionmal tie~type construction,
rail "anchors" are used to transmit longitudinal rail loads to the ties. This
is another component that disappears. for direct fixation track, and the longl—
tudinal restraint must be provided by the rail fastener. ' '

In order to determine reasonable design loads for individual rail
fasteners, it is first necessary to consider the actual transit car wheel loads,
and then to determine how the wheel loads will be distributed on the rail
fastener supports. Table 3-8 summarizes some typical results for vertical and
lateral rail fastener design loads for "maximum" and "frequent" loading con-
ditions. The "maximum" condition relates to the ultimate strength of the fast-
ener for a single load application; the "frequent" loading condition represents
reasonable average -service loads for fatigue design considerations and endurance

tests. These data are included to illustrate current procedures for developing
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TABLE 3-8. SUMMARY OF TYPICAL VERTICAL AND LATERAL

-RAIL FASTENER DESIGN LOADS

l. Vertical Wheel Lpads*

a.

b,

. Maximum Load: 30,000 lb
‘Frequent, Load: 12,000 1b

2.‘ Vertical Rail~Fastener Loads

a.

b.
c.

d.

Maximum Compressive Load: 18,000 1b
Maximum Uplift Load: 1,100 1b
Frequent Compressive Load: 7,000 1b
Frequent Uplift Load: . 700 1b

3,__Slmu1taneous Vertlcal and Lateral Wheel Loads

a.

b,

4, 'Simultaneous Vertical and Lateral Rail-Fastener Loads
18,000 1b/16,200 1b
Frequent Vertical Lateral Load: 7,000 1b/4,500 1b

a.

b.

Maximum Vertical/Latefal Load:

Maximum Vert1ca1/Latera1 Load: 30,000 1b/18 000 1b
Frequent Vertical/Lateral Load: 12,0QQ,lb/5,000 1b

o
w

static wheel load), and car with crush load weighing 98,000 pounds.

Based on normal loaded car weight of 80,000 pounds (10,000 1b nominal
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the 1bading used in rail fastener specifications, The data should not be
_interpreted as recommendations for any particular railroad or rapid transit
application.

The 30,000-fouhd maximum expected vertical wheel load in Table 3-8

includes a dynamic load factor of 2 applied to a maximum expected single
wheel load of 15,000 pounds. The 15,000 pound wheel load is based 'on one
truck carrying 55 percent of a 98,000 pound crush load (13,500 pound nominal
wheel load) with a tolerance accumulation allowing one wheel on that truck
to cafry 15 percent more than the lightest wheel. .While this estimate is
probably conservative; it represents a reasonable maximum ultimate load
condition, The 12,000 pound frequent load represents a 20 pefcent dynamic
factor above a nominal 10,000 pound wheel load (occasional overload condi-
tion), and this is a reasonable "frequent" load for fatigue evaluatioms.
Analyses of track structures using the beam on elastic foundation
~model indicate that vertical fastener loads will range from 40 to 60 percent
of vertical wheel loads, so a 60 percent factor was used to estimate the
vertical fastener loads, In addition to the vertical compressivé loads,
Battelle data from both analyses and track measurements indicated that rail
fasteners will be subjected to the uplift forces shown in Table 3-8, both
preceding and followihg wheel passage. V
Lateral wheel loads are moré difficult to predict than vertical
wheel loads. However, frequent lateral wheel loads equal.-to 40 percent of
the vertical wheel load and a maximum lateral wheel load equal to 60 percent®
of the maximum expected vertical load are reasonable estimates. Previous
Battelle analyses [3-17] indicated tﬁat 80 to:90 percent of the lateral wheel
load can be transmitted through a single fastener, so the 90 pé?bent factor
was used to estimate the frequent lateral loads listed in Table 3-7.
The longitudinal restraint characteristics of a rail fastener
replace the role of the rail anchor commonly used with wood ties and deter-
mine its effectiveness for maintaining a minimum rail gap resulting from a

rail fracture at temperatures below the mean rail-laying temperature.

(*) A lateral wheel force equal to 80 percent of the vertical wheel force is

_ approaching a safety limit for derailment, see Section 3.1,2.
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An approximate analysis based on assuming all fasteners apply a maximum
slip load, or a more detailed analysis using the fastener longitudinal
stiffness characteristics, can be used to predict rail gaps. The high
longitudinal holding capacity of most fasteners used for direct fixation
keeps the rail gap quite small. For ballast track, however, the holding
power of the concrete tie in the ballast determines the rail gap. Some
measured data indicate that a concrete tie will actually have a linear
load-deflection characteristic for loads below the assumed 1800-pound-per
rail slip load (3600 pounds per tie), and that slip begins when the tie
has moved about 0.2 inch. Thus, the fasteners adjacent to a rail break
will not be loaded to 1800 pounds until the total rail gap exceeds 0.4
inch. At a temperature differential of 60 degrees below the mean rail-
laying temperature, the calculated rail gap is 1.18 inches based on an
analysis which includes the tie and fastener elasticity. This rail gap is
considerably greater than what is predicted by assuming a constant force
restraint with no elasticity (simplified analysis). However, even these
larger rail gaps predicted using typical fastener characteristics do not
appear excessive.

The high longitudinal load capacity of many fasteners, however,
indicates that rail stresses resulting from the thermal movement of aerial
structures may be much higher than anticipated. The thermal movement of an
aerial structure will cause high longitudinal loads on fasteners adjacent
to the expansion joints in the aerial structure. Analyses of this type are
used to determine an upper limit for rail fastener longitudinal slip forces
in order to limit the maximum rail stresses caused by thermal contractions
of the aerial structures. In some cases, it is necessary to analyze the
thermal stresses throughout entire sections of complex aerial structures to
check the rail stresses and fastener loads induced by structural motions.

In order to complete fastener performance specifications using
the design loads and analysis procedures discussed previously, allowable
deflections must be included based on maximum allowable gage spread
(typically 1/8 to 1/4 inch) for both ultimate and '"frequent'" loading condi-
tions. It is also important to evaluate the effect of the vertical fastener
stiffness on the rail and roadbed loading and the dynamic forces transmitted

to the vehicle.
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A lumped-parameter model [3-42] suitable for evaluating the
dynamic effects of fastener stiffness is-shown in Figure 3~5. The track
portion of this model is rather general and the masses and springs can be
adjusted to model conventional tie-ballast track or track constructed from
concrete slab or twin longitudinal beams. '

Figure 3-6 has only been included in this report from Reference
[3-42] to illustrate the type of results which can be obtained by modeling
the dynamic interactions of the vehicle and track together., This partic-
ular analysis is for longitudinal beam track construction, and-a 1l/4-inch
downward step occurring simultaneously in both rails was used to excite
vehicle bounce modes. While this type of input represents a severe mis-

‘match at a pair of side;by-side joints (and may be too severe to be real-
istic), it is a useful input to evaluate the effect of various parameter
changes.

In Figure 3-6, the peak accelerations of the car body and axle,
the peak displacements of the car body, car axle, and rail, the peak wheel-
fail force, and the peak soil pressure are plotted as a ‘function of the
rail fastener.pad stiffness. These curves show that as the pad stiffness
increaseé, the axle acceleration and the wheel/rail force increase signif-
icantly,Awhile the displacement of the car body, axle, and the rail, as well
as the ﬁeak soil pressure, decrease, The bending moment of the rail will:
also decrease as the pad stiffness increases. As mentioned earlier, the
conclusion from studies of this type, and railroad experience, is that when
a relatively stiff support structure is used, resilience must be intfoduced
into ‘the track structure by providing a resilient rail fastener, or the-
wheel-rail forces and the resulting deterioration of both track and vehicles
will be high, - '

While the particular study used for this illustration was an analog
computer time-domain simulation in which the actual profile of the rail was
used as the input, other Battelle studies involving frequency domain analysis
of random rail profiles have been made using digital computer techniques.
These can be used to determine the effect of various parameters-most signif-

icantly the resilience of the rail fastener in vertical as well as lateral
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directions - on the car ride quality, track deflections and forces, and derail-
ment coefficieﬁts. o

. Based on past experienée, one of the major design problems is - that
of providing sufficient vertical resilience while keeping the lateral resil-
ience within the limits necessary to avoid excessive gageISpread. Exper-
ience has shown that in designs where rubber is used as the resilient element,
it is difficult to obtain the required laterai stiffness unléss the base of
the rail is effectively widened by attaching a "tie-plate" to it. In other
words, if the rail sits directly on a piece of rubber, the torsional stiff-
ness (in response to lateral loads applied at the head of the raii) will be
insufficient to prevent rotation and excessive gége spread will result. ~This
can be alleviated by effectiVely.making the rail base wider, but there are
certainly other design configurations that would alleviate this problem.

Anéther basic problem is.that the characteristics of almost all
elastomers vary considerablyiwith temperature, making it difficult to main- ¢
tain a specified overall.track resilience és ambient temperature changes, A
Steel, or other metallic'SPrings, do not sﬁffer'from this drawback, and per-
haps tﬁe potential of steel sPrings'in'fastener designs has not been fully
exploited. _ ‘ ‘

In summary, the design.fequirements for improved.rail fasteners
are quite complex, énd it is apparent that a better definition of the
vertical, lateral,.and longitudinal loads to which a fastener is subjected
over its design life is needed. The loading definitions should include
statistical descriptidns suitable for establishing both extreme maximum loads
and a.realistic simulation of the amplitude and frequency of occurrence
distributions to reproduce cumulatiﬁe fatigue damage. These data can then
be used for design and as a basis for realistic laboratory tests. In this
way, fastener performance can be evaluated by accelerated life tests that

can be correlated with actual service conditions,
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3.2.4. Cross Ties

The major functions of the cross ties used for conventional tie~-
ballast track are to transfer the vertical, lateral, and longitudinal rail
seat loads to the ballast and to maintain track gage by providing a reliable
.support for the rail fastemer. Vertical 1oadé subject the tie to a bending
moment which is quite dependent on the condition of the bailast underneath
the length of the tie. The lateral and longitudinal restraint of the tie
are functions of the tie size, shapé, surface geometry, and weight. Both
wood‘énd concrete ties are now being used by railroad and rapid tramnsit

properties in the United States.

3.2.4.1 Wood Ties

Wood has long been used as the standard tie material, and the wood
tie has remained basically unchaﬁged in configuration for decadesa- The 6" x
8" (AREA size 3) and the 7" x 9" (AREA size 5) cross sections are the most
widely used. For standard gage track they are nofmally cut to a iength of
8'-6", This length has been selected in an attempt to provide more uniform
" displacement of ballast between the ends of the tie and the middle, but both
longer and shorter ties are also frequently used.

‘The wood tie represents a 'blank" form from which many different
assemblies can be built. Thus the incorporation of’additional’hardware for
restraining rail, guard rail, and other special trackwork can be readily
accommodated. Additional length is the only special requirement needed for
switghes and crossovers.,

The wood tie also has excellent electrical 1nsu1atlon character-
‘lSthS, and it is capable of withstanding rough handling during tramsit,
track construction, or from a train derailment. Its light weight makes it
" relatively easy to handle for 'spot reﬁewals and new construction.
\ Some of the major disadvantages.of wood ties are their suscepti-
bility to damage by pests, chemicals, and water, and their general deter-

ioration from the weather, from the wear of the rail or tie plates, and from
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re-spiking. However, typical data for tie life reported in Reference [3-18]
for rapid transit track indicate a life of 25 to 35 years can be expected for
wood ties. ‘

The wood tie will generally have a smaller effective bearing area
than the concrete tie, and therefore the ties must be sbaced closer together
in order to maintain comparable bearing pressurés and track stiffness. It
is generally believed that the greater flexibility of the wood tie contrib-
utes to<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>